Abstract-Perfusion bioreactors are known to exert shear stresses on cultured cells, leading to cell differentiation and enhanced extracellular matrix deposition on scaffolds. The influence of the scaffold's porous microstructure is investigated for a polycaprolactone (PCL) scaffold with a regular microarchitecture and a silk fibroin (SF) scaffold with an irregular network of interconnected pores. Their complex 3D geometries are imaged by micro-computed tomography and used in direct pore-level simulations of the entire scaffoldbioreactor system to numerically solve the governing mass and momentum conservation equations for fluid flow through porous media. The velocity field and wall shear stress distribution are determined for both scaffolds. The PCL scaffold exhibited an asymmetric distribution with peak and plateau, while the SF scaffold exhibited a homogenous distribution and conditioned the flow more efficiently than the PCL scaffold. The methodology guides the design and optimization of the scaffold geometry.
INTRODUCTION
Regenerative approaches in clinical research are aimed at restoring functional, living tissues, 28 but are limited in their ability to up-scale in vitro grown constructs to clinically relevant sizes. To decipher the complexity of tissue engineering problems, the bottomup approach 29 is applied to investigate a system spanning from small scales (e.g., cells) towards larger scales (e.g., cell aggregates, various tissue components) and finally to the full functional tissue. The main components constituting a tissue engineering culture are living cells, the scaffold, and the physicochemical culture environment. Scaffold properties play an important role in perfusion cultures. For instance, pore diameter, porosity, and pore interconnectivity have a direct influence on the mechanical stimuli at the cellular level and on the cellular behavior. 4, 44, 46 Shear stresses increase with decreasing pore sizes 4 and decrease with increasing porosity. 46 To mimic the mechanical environment within healthy tissues and to reproduce the onset of diseases with in vitro models, it is important to know the mechanical stimuli a cell experiences at a given flow rate in a certain location within the scaffold. The present study investigates scaffolds in a controlled fluid dynamic environment using a perfusion bioreactor. Two scaffold types of different materials and geometries are considered.
Another important aspect examined in the present work is the application of mechanical stimulation through fluid flow within a perfusion bioreactor. Flow perfusion has been shown to increase cell number, improve the distribution of cells, increase the amount of deposited extracellular matrix (ECM) on the scaffold, and enhance the osteogenic phenotype. 2, 5, 8, 12, 36, 37 The mechanical input was generated through the adaptation of the flow rate at the pump connected to the system. More important is the knowledge of the flow rate within the porous scaffold and the corresponding shear stresses exerted on cells attached to the scaffold surface. Evidently, the geometry of the bioreactor and of the scaffold has a great influence.
Simulations in bone tissue engineering were applied to predict the mechanical environment in bioreactor systems. 6, 7, 11, 23 Several multiphysical models investigated tissue differentiation and growth in combination with mechanical environment simulations. 20, 26 Computational fluid dynamics (CFD) simulations were especially suitable to predict shear stresses acting on cells as well as fluid velocities and pressures in scaffolds. 22 CFD simulations were also used in combination with micro-computed tomography (micro-CT) to define the geometry of the system. 7, 23, 33, 45 However, because of computational limitations, only sub-volumes of the scaffolds were evaluated, 7, 18 which introduced up to 30% variations in the calculated values because of the differences between these sub-volumes. 7, 23 To avoid these inaccuracies, the minimal model size should be at least 10 times the average pore diameter. 23 Other simulations in the context of properties of porous materials recommended a minimal representative elementary volume (REV) size of at least 3.5 and up to 14 times the average pore diameter. 31, 47 The size should be chosen even bigger for the determination of the pressure drop across a porous material. 47 In previous studies, micro-CT was used to obtain digital 3D representations of complex porous media and used in direct pore-level simulations (DPLS) for the determination of their effective transport properties. 9, 13, 14, 47 Here, we applied the same computational methodology to characterize the transport phenomena in scaffolds within a perfusion bioreactor.
Specifically, the aim of this study is to determine the magnitude of wall shear stresses (s w ) acting on cells seeded on the surface of the two scaffolds types within a perfusion bioreactor. The mechanical environment at the cellular level is simulated via micro-CT based DPLS of the entire scaffold-bioreactor construct. The main outputs are the flow velocity field and the s w distribution within the scaffold, which in turn determine the mechanical stimulation experienced by cells when subjected to perfusion flow. The knowledge of s w at each cell location on the scaffold surface guides the design and optimization of the scaffold geometry.
MATERIALS AND METHODS

Scaffolds and Perfusion Bioreactor System
Two scaffold types with different microarchitectures were considered. One scaffold type is made up of polycaprolactone (PCL) by free-form fabrication and has a rather regular microarchitecture. 3 The second scaffold type is made of silk fibroin (SF) by the salt leaching method and has a fairly irregular network of interconnected pores. 16, 27, 39, 42 Both scaffolds have 8 mm-diameter, 3 mm-length cylindrical shape. Figure 1 shows the 3D rendering of the micro-CT scans of the two scaffold types: (a) PCL scaffold; and (b) SF scaffold. The scaffold pore diameter distributions are shown in Fig. 1c . The PCL scaffold was purchased from 3D Biotek. 3 According to the manufacturer, it has a nominal fiber diameter and fiber spacing of 300 lm. The fabrication of the SF scaffold was previously reported. 27 Briefly, cocoons from the silkworm Bombyx mori L. were boiled in 0.02 M Na 2 CO 3 for 2 h, purified in ultrapure water, and dried. The dried silk was dissolved in 9 M LiBr solution (55°C, 1 h), dialyzed, filtered, and frozen at 280°C overnight. The frozen solution was freeze-dried and dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol. Subsequently, 1 mL of the solution was mixed with 2.5 g NaCl granules (diameters 224-315 lm) and the organic solvent was then allowed to evaporate. b-sheet formation of SF was induced by immersion into 90% MeOH. 38 NaCl was extracted and the SF scaffolds were dried at room temperature.
Both scaffolds were introduced inside a perfusion bioreactor, as schematically depicted in Fig. 2 . The perfusion system comprises ( Fig. 2a) : (1) a bioreactor housing; (2) a bag containing the culture medium; and (3) a peristaltic pump. The bioreactor housing (Fig. 2b) can be equipped with different inlays, allowing the testing of the two scaffolds configurations. Scaffolds are press-fit into the inlay to ensure a confined setting exposed to the fluid flow. Because of the geometrical anisotropy of the (cylindrical) PCL scaffold, its orientation should be co-axial with the perfusion reactor (see Fig. 1a ). The bioreactor system is compatible for lCT imaging: the housing can be separated from the rest of the perfusion system to perform lCT scans. This system design was successfully applied for perfusion studies using cell-seeded SF scaffolds. 43 
Micro-Computed Tomography (lCT)
The 3D microarchitecture of the two scaffolds was acquired non-destructively by lCT measurements.
Both scaffolds were measured in dry state using a micro-CT (lCT40, Scanco Medical, Switzerland) operated at 45 kVp and 177 lA. An integration time of 200 ms and frame averaging of 4 were used, resulting in a total scanning time of approximately 2.4 h per sample. The reconstructed scans had a nominal isotropic resolution of 10 lm. After image reconstruction, a 3D Gaussian filter (SF: sigma = 0.8 and support = 1; PCL: sigma = 1.2 and support = 1) was applied to reduce the noise. The lCT data were then binarized using a global threshold corresponding to 4 and 4.5% of the maximum gray level for SF and PCL, respectively. Additionally, the sharp features that were present in the SF scaffold due to the drying process were smoothed through the application of a Gaussian filter with sigma = 1 and support = 2 which reduced the local surface curvature. The scaffolds were then rescaled to a resolution of 20 lm and virtually cut to a cylindrical shape of 8 mm in diameter and 3 mm in length. This size corresponded to the size of the bioreactor inlay. Standard morphometric analysis was performed for both scaffolds to characterize pore diameter distribution. 40 
Mesh Generation and Sensitivity Analysis
The CFD domain is shown in Fig. 3 and consisted of the whole bioreactor housing (Fig. 2b) containing the scaffold. An in-house tetrahedron-based mesh generator 10 was used to create a computational grid directly from the digitalized geometry of the scaffoldbioreactor system. Initially, the mesh generator covered the entire domain with large tetrahedrons (initial edge length of 0.375 mm), which successively were gradually reduced in size according to a refinement process, followed by vertex rounding, cutting, and smoothing. Such procedure resulted in a highly refined mesh on small features (e.g., struts inside the scaffolds, Fig. 3c) , and a coarser mesh far from the boundaries and for bigger features (e.g., bioreactor housing, Fig. 3b) . A mesh sensitivity study was carried out to determine the influence of the number of refinements on the simulation outcomes. Specifically, the number of mesh refinements was fixed (N = 2) for the bioreactor whereas for the scaffolds it varied from 2 to 5. The convergence criterion applied for the mesh refinement was that the relative difference of the mean s w and u between two consecutive refinements was below 11%.
Computational Fluid Dynamics (CFD) Simulations
The commercial CFD code ANSYS, 1 based on the finite volume technique, was used to solve the 3D Navier-Stokes equations: 
where q is the density of the fluid, u the fluid velocity, and l is the dynamic viscosity. The wall shear stress is defined as:
where y the height of the fluid above the phase boundary.
The computational domain is depicted in Fig. 3a . The boundary conditions were: inlet plug flow, a constant outlet pressure of 1 atm, and no-slip at the solid-fluid interface. Three different inlet flow rates were simulated, corresponding to the minimum (0.1 mL/min), average (0.2 mL/min), and maximum (0.3 mL/min) flow rates obtained with a standard laboratory pump. The culture medium was described as a homogeneous and incompressible Newtonian fluid, having density and dynamic viscosity of 997 kg/ m 3 and 8.9 9 10 24 kg/m/s, respectively. The temperature of the culture medium was set to 37°C, representing body temperature. Main simulation outcomes were the flow velocity and s w fields.
The frequency distributions of s w were averaged in five different regions of interest (ROI) along the scaffold length, each of thickness of 600 lm. The selected ROI did not include the scaffold-bioreactor interface of thickness of 100 and 140 lm for SF and PCL, respectively. These regions were excluded to avoid the influence of boundary artifacts.
RESULTS
Micro-Computed Tomography (lCT)
The lCT scans confirmed the regular structure of the PCL scaffold (Fig. 1a) and the irregular structure of the SF scaffold (Fig. 1b) . As expected, the two scaffolds had different pore diameter distributions (Fig. 1c) . For the PCL scaffold, the distribution was fairly asymmetric, peaked around 0.26 mm, with a mean of 0.22 ± 0.06 mm. For the SF scaffold, the distribution was bell-shaped, with a peak around 0.14 mm, and a mean of 0.16 ± 0.08 mm. The porosity of the PCL and SF scaffolds were 37.91 and 55.48%, respectively.
Mesh Sensitivity Analysis Table 1 shows the results of the mesh sensitivity analysis. For each simulation, the number of refinements within the scaffold was increased, leading to smaller mesh elements. Mesh convergence was assessed by computing the relative difference between two consecutive refinements in mean s w and mean flow velocity. The mean s w was calculated by computing s w on each boundary element and averaging them. These two output parameters showed a quick convergence for the PCL scaffold with relative differences between refinements 5 and 4 less than 2.5% for mean s w and 1% for mean flow velocity. The simulations also converged well for the SF scaffold where the relative difference between the highest refined mesh (i.e., five refinements) and the one with four refinements was 11 and 2.2% for mean s w and mean flow velocity, respectively. Meshes with five refinements were used, yielding 59 and 115 million elements for the PCL and SF scaffolds, respectively. The minimum size of both meshes was 12 lm, corresponding to approximately half of the voxel size. The element diameter, defined as the longest length of an element in the mesh, was in average 22.86 and 21.55 lm for the PCL and SF scaffolds, respectively.
Computational Fluid Dynamics (CFD) Simulations
The frequency distributions of s w at an average flow rate of 0.2 ml/min for both scaffold geometries are shown in Fig. 4 . The PCL scaffold exhibited a s w distribution shifted toward higher values from the entrance of the fluid flow (region 1, Fig. 4a ) to the exit location (region 5, Fig. 4a ). It became broader, indicating a higher heterogeneity of s w in the regions 4 and 5. Moreover, the distributions relative to regions 2-5 showed a pronounced asymmetric peak with a plateau, being particularly flat in the regions 4 and 5. The SF scaffold exhibited identical s w distributions along its length of the scaffold, with exception of the entrance location (region 1, Fig. 4b ), which showed a similar behavior as seen for the PCL scaffold. After a short travel distance through the scaffold, shear stresses were homogenous throughout the whole scaffold volume. In practice, inlet flow rates can be adjusted through an external pump. The variation of the mean s w as a function of the inlet flow rates in the range 0.1-0.3 mL/ min is shown in Fig. 5 . For both scaffolds, a monotonically increasing linear correlation was obtained. The mean s w was minimal at the scaffold entrance (region 1) and increased towards downstream (regions 2-5). The slope of the lines in the five regions was dependent on the location along the scaffold. In accordance with the frequency distributions, mean s w values were similar between regions 2 and 3 and between regions 4 and 5 for the PCL scaffold, defining three regimes over the scaffold volume. In contrast, mean s w in regions 2, 3, 4, and 5 were almost identical for the SF scaffold, defining two regimes, one at the inlet and one throughout the rest of the scaffold. The 3D fluid flow streamlines across both scaffolds is shown in Fig. 6 . The flow direction is from top to bottom. The scaffold is represented semi-transparent for a better visualization. The streamlines in the PCL scaffold showed a rather regular behavior, while those in the SF scaffold were random.
DISCUSSION
Using lCT-based DPLS, we have determined the s w distribution acting on the surfaces of two scaffold types commonly used in tissue engineering application.
Micro-Computed Tomography (lCT)
lCT was shown to be a suitable non-destructive technique to extract 3D morphological parameters of complex scaffold geometries for subsequent finite element simulations. 15 As polymeric scaffolds were scanned in their dry states in order to provide enough X-ray contrast, edged features were present especially in the SF scaffold where very fine structures close to the resolution limit were detected. In an in vitro culture, these scaffolds are hydrated by their surrounding aqueous environment, yielding smoother surface structures (data not shown). Consequently, a second smoothing procedure was applied to the SF scaffolds to reduce their local surface curvature. This reduction was more effective in regions were the surface curvature was high, and represented the swelling of the scaffold in the wet state by decreasing its porosity by about 12%. The eventual change in porosity resulting from scaffold hydration 17 could not be determined because of the low contrast of lCT measurements of SF scaffolds in an aqueous environment. Estimations of surface structures and local curvature changes are based on visual inspections, histology, and SEMs.
Mesh Sensitivity Analysis
The mesh refinement study indicated the need of a highly refined mesh, especially for the SF scaffold. The simulations converged more rapidly with the PCL scaffold than with the SF scaffold. This is reflected in Table 1 , where less mesh cells were refined after the 4th refinement in the PCL scaffold, attributed to the larger and more regular pores in the PCL scaffold compared to those in the SF scaffold. At the highest mesh refinement (five refinements) the smallest mesh element length was 11.7 lm for both scaffolds, being already smaller than the final resolution of the lCT scan (20 lm). With relative differences smaller than 11% for s w and smaller than 2.2% for flow velocity, five refinements were considered sufficient for the present study. The resulting number of elements (59 million for the PCL scaffold and 115 million for the SF scaffold) is relatively high in terms of computational cost, but essential to enable the accurate geometrical representation of both scaffolds.
Computational Fluid Dynamics (CFD) Simulations
The scaffold-bioreactor system and boundary conditions mimic the cell experiments. 43 Field flow velocity and s w distributions were computed for the entire domain, taking into account the geometry of the bioreactor and of the scaffold. The simulated scaffold volume was bigger than the REV, defined as the smallest cubic volume to be considered as a continuum in a porous medium. Choosing a volume smaller than REV would affect the accuracy of the DPLS considerably. 41 Additionally, lateral boundary conditions would influence simulation results by up to 30% according to literature. 7, 23 Here, the mean shear stress at the boundary of the reactor shows a decrease of 50% for PCL and 30% for SF. For the PCL scaffold, the diameter and length were 36 and 13 times larger than the mean pore diameter (0.22 ± 0.06 mm), respectively. For the SF scaffold, the diameter and length were 50 and 19 times larger than the mean pore diameter (0.16 ± 0.08 mm), respectively. The dimensions of both scaffolds were therefore larger than the suggested minimum REV, reported to be between 3.5 and 14 times the mean pore diameter. 23, 47 The REV is even larger for the determination of pressure drop. 13, 47 Furthermore, it has also been shown that the length of the sample parallel to the flow direction can be chosen 2-3 times shorter than the perpendicular length without affecting the precision of the results. 47 Interestingly, both scaffolds showed a fairly similar s w behavior at the entrance region (region 1). On the other hand, the scaffold microarchitecture had a strong influence on the s w distribution in downstream regions. The smaller and irregular pores of the SF scaffold seemed to condition the flow more efficiently than the bigger pores of the PCL scaffold. Because of the channel-like geometry and the larger pore diameters of the PCL scaffold, the number of mesh cells experiencing a low s w increased and peaked. The peak was slightly shifted to the right as the inlet flow velocity increased, consistent with previous computational studies. 7, 25, 35 In contrast, no peaks or shoulders were observed in the SF scaffold. s w increased linearly with the inlet flow rate as expected for a laminar regime with Reynolds number maintained below 0.4, in accordance with other studies. 7, 21, 25 An entrance flow rate of 0.2 mL/min (corresponding to a flow velocity of 0.066 mm/s) resulted in a mean s w of 3.08 mPa and of 3.68 mPa in the middle region (region 3) for PCL and SF scaffolds, respectively. The calculated mean s w were comparable to the values obtained in previous studies, as described in Table 2 . Note that these previous studies simulated only the scaffold or part of it, and therefore suffered from uncertainties derived from using a computational domain smaller than REV and from omitting the bioreactor geometry. Shear stresses acting on cells seeded onto scaffolds have been shown to have an influence on cell viability, proliferation, and gene regulation. 33 Mean surface shear stresses of 5 9 10
25 Pa as calculated with the Lattice-Boltzmann method correlated to the highest cell viability at a flow rate of 0.01 mL/ min. 33 However, because of a coarse resolution of 68 lm and because all lattice elements were of the same size, the L-B method lacked precision around small geometrical features and used excess elements around large ones. In contrast, our computational grid generator can be adapted efficiently to small and large geometrical features often encountered in complex bioreactor-scaffold configurations. Besides s w , other mechanisms such as increased mass transport through the scaffold volume or flow streaming potentials can stimulate cells. Their effect may not be clearly differentiated from that of s w . Another limitation of the current work is that it did not take into account the volume of the seeded cells or the volume of the ECM produced by the cells. Our study solved the situation before cell seeding. After seeding, the cells fill up the spaces within the pores and, over time, they would surround themselves with ECM. This continuous obstruction of the pores would result in different s w acting on the cells due to decreased porosity and to shielding by ECM. To distinguish these time-dependent phenomena from each other, more advanced 3D monitoring is required. The high computational cost is a drawback of this work. The domain of the scaffold should be selected large enough to enable the accurate determination the effective transport properties of the porous structure. 7, 23, 31, 47 The bioreactor was also meshed to ensure an accurate representation of the flow field, but a coarser mesh was used outside the scaffold.
The PCL scaffold with a regular pore geometry gave rise to a peak s w . By controlling the scaffold architecture (porosity, pore size, etc.) in the manufacturing process, it may be possible to generate ranges of s w that promote a certain type of tissue formation. 19, 24, 30, 34 In Lesman et al., 21 an increase of the shear stress was observed when reducing the pore size of a regular scaffold. In the SF scaffold with irregular pore geometry, the flow chose preferable channels, as seen in Fig. 6b . Thus, to better understand the mechanical environment regulating cell behavior, a regular scaffold seemed more appropriate. The ultimate goal should be to predict the behavior of a cellscaffold construct both in vitro and after implantation in vivo. Such prediction becomes even more essential when artificial matrices such as porous 3D scaffolds are applied as temporal supportive structures, as they considerably change the environment of the cells. 32 The methodology developed in this study enables to determine s w acting on the surface of scaffolds for tissue engineering. It further enables to examine and screen new scaffold designs for given shear stress levels, and thus avoid costly in vitro experiments.
